Aim: Indoleamine 2,3-dioxygenase 1 (IDO1) metabolizes the essential amino acid tryptophan into kynurenine derivatives, which are involved in neural activity via the kynurenine pathway (KP). IDO1 is an initial rate-limiting enzyme in the KP and is activated by stress and/or inflammation. The perturbation of IDO1 activity, which causes KP imbalance, is associated with psychiatric and neurological disorders. It has been reported that wild-type (WT) mice under inflammatory conditions show increased anxiety-like behavior and decreased novel object recognition, whereas Ido1 knockout (KO) mice do not display these behaviors. However, the behavioral phenotypes of Ido1 KO mice have not yet been fully examined under non-inflammatory conditions.
3-hydroxykynurenie, 3 kynurenic acid (KYNA), [4] [5] [6] and quinolinic acid (QUIN). 7, 8 Generally, more than 95% of dietary, Trp is metabolized along the KP to produce neuroactive KYNA and QUIN, and only a small amount of it is converted to serotonin. 9 Dysfunction of the KP, which causes an imbalance in the level of kynurenine metabolites in the brain, is associated with neurodegeneration in the brain and psychological illnesses, including schizophrenia and depression. 2 Indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxygenase 2 (TDO2) are the initial rate-limiting enzymes in KP. 2, 10 These enzymes are activated by stimulation of the immune system.
The perturbation of IDO1 or TDO2 activity, which causes KP imbalance, is also reported to be associated with psychiatric and neurological disorders. 9 In our previous study, we conducted a comprehensive battery of behavioral tests with Tdo2 KO mice, which showed lower anxiety-like behavior, higher locomotor activity, and abnormal gait patterns than the controls. 11 It has been reported that WT mice under inflammatory conditions show increased anxiety-like behavior in open field and light/dark transition tests, increased depressive-like behavior on forced swim and tail suspension tests, and decreased novel object recognition, whereas Ido1 KO mice do not exhibit these behaviors. 12, 13 However, the behavioral phenotypes of Ido1 KO mice have not yet been fully examined under non-inflammatory conditions. Here, we subjected Ido1 KO mice to a battery of comprehensive behavioral tests under normal conditions.
| MATERIALS AND METHODS

| Animals
Ido1 KO mice were purchased from The Jackson Laboratory (https:// www.jax.org/strain/005867) by Asahikawa Medical University and transferred to Kyoto University and Fujita Health University. Ido1 KO mice were derived from 129/SvJ ES cells mated with C57BL/6J (B6) females and backcrossed with more than 10 generations of B6 mice. 14 Ido1 KO mice and wild-type (WT) control littermates were obtained by breeding heterozygotes with a B6 background. Twenty male homozygous mutants, and 19 male WT control mice were used.
Mice were group-housed (2 mutants and 1 or 2 WT mice per cage)
in a room with a 12-hour light/dark cycle (lights on at 7:00 a.m.)
with access to food and water ad libitum. The room temperature was kept at 23 AE 2°C.
| Comprehensive behavioral test battery
Most of the behavioral tests were performed as previously described, [15] [16] [17] [18] unless otherwise noted. All behavioral tests were carried out with male mice that were at least 13 weeks old at the start of testing. Raw data from the behavioral test and information about each mouse are available at the public database "Mouse Phenotype
Database" (http://www.mouse-phenotype.org/). Behavioral testing was performed between 9:00 a.m. and 6:00 p.m. After the tests, the apparatus was cleaned with diluted sodium hypochlorite solution to prevent a bias due to olfactory cues. To minimize the effects of pre- 
| Neurological screen and neuromuscular strength test
Righting, whisker twitch, and ear twitch reflexes were evaluated.
Physical features, including the presence of whiskers or bald hair patches, were also recorded. A grip strength meter (O'HARA & Co., Tokyo, Japan) was used to assess forelimb grip strength. Mice were lifted by holding the tail so that their forepaws could grasp a wire grid. The mice were then gently pulled backward by the tail with their posture parallel to the surface of the table until they released the grid. The peak force applied by the forelimbs of the mouse was recorded in Newtons (N). Each mouse was tested 3 times, and the greatest value measured was used for data analysis. In the wire hang test, the mouse was placed on a wire mesh that was then slowly inverted so that the mouse gripped the wire in order to not fall off.
Latency to fall (seconds) was recorded with a 60-seconds cutoff time.
| Light/dark transition test
A light/dark transition test was conducted as previously described. 19 The apparatus consisted of a cage (21 9 42 9 25 cm) divided into 2 sections of equal size by a partition with a door (O'HARA & Co.).
One chamber was brightly illuminated (390 lux), whereas the other chamber was dark (2 lux). Mice were placed into the dark chamber and allowed to move freely between the 2 chambers with the door open for 10 minutes. The total number of transitions, latency to first enter the lit chamber (seconds), distance traveled (cm), and time spent in each chamber (seconds) were recorded by ImageLD software (see Section, "Data Analysis").
| Open field test
Each mouse was placed in the corner of the open field apparatus (40 9 40 9 30 cm; Accuscan Instruments, Columbus, OH, USA).
The apparatus was illuminated at 100 lux. Total distance traveled (cm), vertical activity (rearing measured by counting the number of photobeam interruptions), time spent (seconds) in the center area (20 9 20 cm), and beam-break counts for stereotyped behaviors (defined by the number of breaks of the same beam) were recorded.
Data were collected for 120 minutes.
| Elevated plus maze test
An elevated plus maze test was conducted as previously described. 20 The 
| Hot plate test
The hot plate test was used to evaluate mouse sensitivity to a painful stimulus. Mice were placed on a 55.0°C (AE0.3°C) hotplate (Columbus Instruments, OH, USA), and latency to the first fore-or hind-paw response (seconds) was recorded. The paw response was defined as either a paw lick or a foot shake.
| Social interaction test
In the social interaction test, 2 mice of identical genotypes that were previously housed in different cages were placed in a box together (40 9 40 9 30 cm) (O'HARA & Co.) and allowed to explore freely for 10 minutes. Behavior was recorded and analyzed automatically using ImageSI program (see Section, "Data Analysis").
The total number of contacts, total duration of active contacts (seconds), total contact duration (seconds), mean duration per contact (seconds), and total distance traveled (cm) were measured. If the 2 mice contacted each other and the distance traveled by either mouse was longer than 10 cm, the behavior was classified as an "active contact." Images were captured at 3 frames per sec, and distance traveled between 2 successive frames was calculated for each mouse.
| Rotarod test
Motor coordination and balance were tested with the rotarod test.
This test, which uses an accelerating rotarod (UGO Basile, Comerio, VA, Italy), was performed by placing mice on rotating drums (3 cm diameter) and measuring how long each animal was able to maintain its balance on the rod. The speed of the rotarod accelerated from 4
to 40 rpm over a 5-min period.
| Sociability and social novelty preference test
This test is a well-designed method to investigate the effect of complex genetics on sociability and preference for social novelty. 21, 22 The testing apparatus consisted of a rectangular, three-chambered box and a lid with a video camera (O'HARA & Co.). Each chamber was 20 9 40 9 47 cm, and the dividing walls were made from clear Plexiglas, with small square openings (5 9 3 cm) allowing access into each chamber. We modified the method described by Moy et al 22 as follows: a habituation session was performed in the apparatus for 10 minutes on the day before the sociability test, and empty wire cages (11 cm in height, a bottom diameter of 9 cm, and vertical bars 0.5 cm apart) were located in the corner of each side chamber. In the sociability test, an unfamiliar C57BL/6J male mouse that had no prior contact with the test mice was enclosed in the wire cage and placed in one of the side chambers. The wire cage allowed nose contact between the bars, but it prevented the stranger mouse from initiating any social contact and limited the possibility of aggressive behavior.
The test mouse was first placed in the middle chamber and allowed to explore the entire box for a 10-min session to assess sociability. After the first 10-min session, the test mouse was returned to the holding cage. The wire cage containing the novel unfamiliar mouse was transferred to the chamber that had been empty during the first 10-min session. In the social novelty preference test, the test mouse was placed in the apparatus for a 10-min session to quantify social preference for a new stranger. The test mouse thus had a choice between the first, already-investigated unfamiliar mouse and the novel unfamiliar mouse. The amount of time spent (seconds) in each chamber and time spent around each cage were measured automatically using the ImageCSI program (see Section, "Data Analysis"). 78-110, 74-120, and 78-120 dB). Six blocks of the 6 trial types were presented in a pseudo-random order, such that each trial type was presented once within a block. The average inter-trial interval was 15 seconds (range 10-20 seconds).
| Startle response/prepulse inhibition test
| Porsolt forced swim test
A transparent plastic cylinder (20 cm height 9 10 cm diameter) filled with water (21-23°C) up to a height of 7.5 cm was put in a white plastic chamber (31 9 41 9 41 cm) (O'HARA & Co.). The mouse was placed into the cylinder, and the immobility (%) and distance traveled (cm) were recorded over a 10-min test period. Images were captured at 2 frames per second. For each pair of successive frames, the area (pixels) within which the mouse moved was measured. When the area was below a certain threshold, the mouse behavior was classified as "immobile." When the area equaled or exceeded the threshold, the mouse was classified as "moving." The optimal threshold to judge moving was determined by adjusting it to the immobility measured by human observation. Immobility lasting for less than 2 seconds was not included in the analysis. Data acquisition and analysis were performed automatically using ImagePS software (see Section, "Data Analysis").
| Barnes maze test
The Barnes maze task was conducted on "dry land," a white circular surface that was 1.0 m in diameter, with 12 holes equally spaced around the perimeter (O'HARA & Co.). A black Plexiglas escape box (17 9 13 9 7 cm) with paper cage bedding on its bottom was located under one of the holes. The hole above the escape box represented the target, which was analogous to the hidden platform in the Morris water maze task. The location of the escape box (target) was consistent for a given mouse but was randomized across mice. The mice that could not find the box were guided to it and allowed to enter it to remain there for 30 seconds. One or two trials per day were conducted for 19 days. Each trial ended when the mouse entered the escape box or after 5 minutes had elapsed. In each trial, the latency to first reach the target hole (seconds), number of errors to reach the target hole, number of omission errors, and distance travelled to first reach the target hole (cm) were recorded by the ImageBM program.
On day 20, a probe test was conducted without the escape box to assess memory based on distal environmental room cues. Another probe trial was conducted 30 days after the last training session to evaluate memory retention. The time spent around the target hole was recorded in these probe tests by the software.
| T-maze test
The spontaneous alternation task was conducted using an automatic T-maze apparatus (O'HARA & Co.). It was constructed of white plastic runways with 25-cm high walls. The maze was partitioned off into 6 areas by sliding doors that can be opened downward. The stem of the T was composed of area S2 (13 9 24 cm), and the arms of T were composed of areas A1 and A2 (11.5 9 20.5 cm). Areas P1 and P2 were the connecting passageways from the respective arm (area A1 or A2) to the start compartment (area S1). Mice were subjected to a spontaneous alternation protocol for 7 days (one session consisting of 10 trials per day; cutoff time, 50 minutes). Each trial had first and second runs. On the sample run, the mouse was forced to choose one of the arms of the T (area A1 or A2). After the mouse stayed more than 10 seconds, the door that separated the arm (area A1 or A2) and the connecting passageway (area P1 or P2) would be opened, and the mouse could return to the starting compartment (area S1) via the connecting passageway. The mouse was then given a 3-sec delay in area S1, followed by a free choice between both T arms. 
| Tail suspension test
The tail suspension test was performed for a 10-min test session. Mice 
| Contextual and cued fear conditioning test
Each mouse was placed in a transparent acrylic chamber of successive frames, the area (pixels) in which the mouse moved was measured. When this area was below a certain threshold (ie, 5 pixels), the behavior was judged as "freezing." When the amount of area equaled or exceeded the threshold, the behavior was considered to be "non-freezing." The optimal threshold (amount of pixels) to judge freezing was determined by adjusting it to the amount of freezing measured by human observation. "Freezing" that lasted less than the defined time threshold (ie, 2 seconds) was not included in the analysis.
| Data analysis
Behavioral data were obtained automatically through ImageJ-based programs, which have been developed and modified by Tsuyoshi 3 | RESULTS
| General characterization of Ido1 KO mice
Ido1 KO mice and their WT littermates were subjected to a comprehensive battery of behavioral tests. There were no significant differences between the Ido1 KO and WT mice in body weight ( Figure 1A , F 1,37 = 0.267, P = .6088), body temperature ( Figure 1B , F 1,37 = 1.076, P = .3062), grip strength score ( Figure 1C , F 1,37 = 1.887, P = .1779), or latency to fall off the wire grid ( Figure 1D , F 1,37 < 0.001, P = .998). As shown in Figure 1E , no obvious difference between the Ido1 KO and WT mice was found in motor function/learning (F 1,37 = 0.280, P = .6001), as assessed by the rotarod test. There was no significant difference between the Ido1 KO and WT mice in pain sensitivity in the hot plate test ( Figure 1F , F 1,36 = 0.89, P = .3517).
| Normal locomotor activity and anxiety-like behavior in Ido1 KO mice
In the light/dark transition test, there were no significant differences between the Ido1 KO and WT mice in distance traveled in the light/dark Figure 2K ; F 1,37 = 0.001, P = .9713), or stereotypic counts ( Figure 2L ; F 1,37 = 1.917, P = .1745).
| Social behaviors in Ido1 KO mice
In the social interaction test, there were no significant differences between the Ido1 KO and WT mice in total duration of contacts ( Figure 3A , F 1,13 = 0.029, P = .8675), number of contacts ( Figure 3B , F 1,13 = 0.037, P = .8498), total duration of active contacts ( Figure 3C , F 1,13 = 0.058, P = .8133), mean duration per contact ( Figure 3D , F 1,13 = 0.255, P = .622), or distance traveled ( Figure 3E ,
The three-chamber social approach test is composed of a sociability test and a social novelty preference test. In the sociability test, social behavior can be assessed based on the time spent around a wire cage with an unfamiliar mouse (stranger-side) vs the time spent around an empty cage (empty side). 22 In the sociability test, both the Ido1 KO and WT mice spent more time around the stranger-side cage than empty side cage ( Figure 3F , WT: t 18 = 5.287, P < .0001, Ido1 KO: t 19 = 4.62, P = .0002). In the social novelty preference test, WT mice spent more time around the stranger-side cage than the familiar-side cage ( Figure 3G , t 18 = 3.62, P = .002), whereas Ido1 KO mice showed no significant differences in the time spent around the familiar-side cage nor the stranger-side cage ( Figure 3G , t 19 = 1.704, P = .1047). However, the genotype effect failed to reach significance in an index of the ratio of the time spent around the familiar-side divided by the stranger-side (F 1,37 = 1.323, P = .2574).
| Normal depression-like behavior and normal acoustic startle response in Ido1 KO mice
In the Porsolt forced swim test, there were no significant differences between the Ido1 KO and WT mice on the percentage of immobility time on day 1 and day 2 ( Figure 4A , F 1,37 = 0.856, P = .3609 and F 1,37 = 2.231, P = .1437, respectively). Likewise, no significant effects due to genotype were found in the distance traveled on day 1 and day 2 ( Figure 4B , F 1,37 = 3.425, P = .0722 and F 1,37 = 1.234, P = .2738, respectively).
In the prepulse inhibition test, there was no significant difference between Ido1 KO and WT mice on the startle amplitude Ido1 KO and WT mice ( Figure 4D , 110 dB, F 1,37 = 1.494, P = .2294; 120 dB, F 1,37 = 1.809, P = .1869).
In the tail suspension test, the Ido1 KO and WT mice showed no obvious difference in the percentage of immobility time ( Figure 4E ,
| Normal spatial reference memory in Ido1 KO mice
In the Barnes maze test, there were no significant differences between Ido1 KO and WT mice in latency to reach the target hole ( Figure 5A , Figure 5D , F 1,37 = 0.074, P = .7877). Probe trials where the escape box was removed were performed 1 day and 1 month after the last day of training. No significant effects due to genotype were found in the time spent around the target during these probe tests ( Figure 5E , 1 day, F 1,37 = 1.145, P = .2916; 1 month, F 1,37 = 0.283, P = .5982).
3.6 | Normal working and fear memory in Ido1 KO mice A T-maze using a spontaneous alternation task is used to evaluate working memory. 25 In the T-maze spontaneous alternation test, the percentages of correct responses of Ido1 KO mice were lower than those of WT mice, but this result failed to reach study-wide significance after correction for multiple testing ( Figure 6A , F 1,21 = 4.954, P = .0371). There was no significant genotype 9 session interaction (F 6,126 = 0.65, P = .6903). Ido1 KO and WT mice showed no obvious differences in latency to complete a session ( Figure 6B , 
| DISCUSSION
In this study, we investigated the behavioral phenotype of Ido1 KO mice by a comprehensive test battery under normal conditions. Ido1 KO mice did not show significant behavioral differences compared to WT control mice in any of the tests, except in the T-maze spontaneous alternation test. In the T-maze test, Ido1 KO mice showed a slight but nominally significant deficit in working memory, which failed to reach study-wide significance after multiple testing correction. In the social novelty preference test, WT mice spent more time around the stranger-side cage than the familiar-side cage, whereas
Ido1 KO mice showed no significant difference between the spent time around the stranger-side and familiar-side cage. However, the genotype effect failed to reach significance.
In a previous study, Too et al 26 reported that Ido1 KO mice displayed a decrease in early diurnal exploratory activity. This result is The essential amino acid tryptophan is metabolized by TDO2
(expressed in the kidney and liver) and IDO1 (distributed in many tissues, including brain). 10 Normally, the oxidizing ability of TDO2, that is its ability to metabolize tryptophan, is approximately threefold greater than that of IDO1. 34 Tdo2 deletion disturbs the KP and causes more behavioral alterations, such as lower anxiety-like behavior and higher locomotor activity under basal conditions, than Ido1 deletion. 11, 35 IDO1 activity is quite low in the absence of immune stimuli, 36, 37 which may underlie the lack of an obvious behavioral phenotype in Ido1 KO mice.
In conclusion, our comprehensive behavioral analysis showed that no significant differences between Ido1 KO and WT mice in any of the tests, except in the T-maze spontaneous alternation test, where the KO mice showed nominally significant working memory deficit. These results indicate that Ido1 may not play significant roles in behavior regulation under normal conditions. 
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